The activation of molecular chaperone heat-shock protein 90 (Hsp90) is dependent on ATP binding and hydrolysis, which occurs in the N-terminal domains of protein. Here, we have determined three crystal structures of the N-terminal domain of human Hsp90 in native and in complex with ATP and ATP analog, providing a clear view of the catalytic mechanism of ATP hydrolysis by Hsp90. Additionally, the binding of ATP leads the N-terminal domains to be an intermediate state that could be used to partially explain why the isolated N-terminal domain of Hsp90 has very weak ATP hydrolytic activity.
Introduction
The molecular chaperone heat-shock protein 90 (Hsp90), which is upregulated in response to stress, is essential for folding, maturation, stabilization, and localization events of the chaperone's client proteins that are involved in cell cycle regulation, signal transduction, and cell growth regulation. Hsp90 can be divided into three domains. The highly conserved N-terminal domain contains an unusually shaped ATP-binding cleft and is thus responsible for the catalytic activity of Hsp90. The middle domain containing a large hydrophobic surface helps the folding of its client proteins, while the C-terminal domain is critical for the formation of Hsp90 homodimer [1] [2] [3] . The function of Hsp90 is tightly associated with the binding and hydrolysis of ATP as well as the dimerization of the chaperone [4, 5] . ATP binding in the N-terminal domain of Hsp90 drives a structural rearrangement and changes the surface properties of the N-terminal domain, which induces the dimerization of the N-terminal domains and influences the affinity of Hsp90 for client proteins [6, 7] . ATP-mediated closing of the interprotomer space drives client proteins remodeling. Once ATP hydrolysis occurs, a conversion of Hsp90 to its ADP bound state leads to the release of client proteins. In addition, the release efficiency of client proteins might be enhanced by the co-chaperones p23 [8] . Biochemical investigations of the ATP/ADP cycle revealed that the catalytic efficiency of Hsp90 is tightly regulated by the dimerization of the N-terminal as well as the association of the N-terminal domain with the middle domain [9] .
The first X-ray structure of isolated N-terminus of human Hsp90 (Hsp90 N ) was determined by Stebbins et al. [10] and the complex structure of Hsp90 N -ADP was reported by Obermann et al. [11] . In 2006, a crystal structure of the full-length yeast Hsp90-AMPPNP was resolved [12] . Shiau et al. [7] described the cryo-electron microscopy as well as X-ray structures of nucleotide-free, AMPPNP-bound, and ADP-bound states of HtpG (Escherichia coli Hsp90 ortholog), which were similar in both size and detailed shape to the yeast Hsp90-AMPPNP structure. In addition, a series of X-ray crystal structures of human Hsp90 N inhibitors have been reported [13] [14] [15] . Although the structures of the isolated N-terminus of human Hsp90 and the protein in complex with ATPgS have been reported [11, 16] , it is still not clear as to how Hsp90 catalytically hydrolyzes ATP to produce ADP at the atomic level. To understand the structural and mechanistic consequences of nucleotide binding to human Hsp90, we have determined three crystal structures of the N-terminal domain of human Hsp90 in apo and in complex with ATP and adenosine 5 0 -(b,g-methylene) triphosphate (AMPPCP). It is the first time to capture the real human Hsp90 N -ATP complex structure and describe the binding of g-phosphate
of ATP and the water molecule that mediates the ATP hydrolysis to Hsp90
N . In addition, the changes in the interactions between R46-E47 and R46-S129 during ATP binding were analyzed in detail, which explain why the isolated N-domain of Hsp90 has very weak ATP hydrolytic activity. The structural data presented here thus provided new insights into the complicated and subtle mechanism of ATP hydrolysis by Hsp90 at atomic level.
Materials and Methods
Protein purification and crystallization A cDNA fragment encoding the N-terminal domain of human Hsp90 (residues 9-236), Hsp90 N , was cloned into a pET28 vector. The recombinant plasmid pET28-Hsp90 N was transferred into E. coli strain BL21 (DE3) for overexpression (Invitrogen, Carlsbad, USA). Bacterial cultures were grown in LB medium at 378C to an OD 600 of 0.6-0.8, and 0.2 mM isopropyl-b-D-thiogalactopyranoside was then added for further growth at 308C for another 5 h. The harvested cells were resuspended in lysis buffer (20 mM Tris/300 mM NaCl/5 mM b-mercaptoethanol/10% glycerol, pH 7.5) and sonicated. The resulted suspension was centrifuged and the supernatant was passed through a nickel-bead column (GE Healthcare, Piscataway, USA). The column was then washed with 20 mM imidazole/ 300 mM NaCl/20 mM Tris/5 mM b-mercaptoethanol/10% glycerol, pH 7.5 (wash buffer), until no further protein was eluted. The recombinant Hsp90 N was then eluted with 100 mM imidazole/300 mM NaCl/20 mM Tris/5 mM b-mercaptoethanol/10% glycerol, pH 7.5 (elution buffer). The eluted proteins were concentrated (Millipore, Billerica, USA) and then injected into a 120 ml Hiload Superdex75 column (GE Healthcare) from which Hsp90 N was eluted with 20 mM Tris/300 mM NaCl/5 mM b-mercaptoethanol/ 10% glycerol, pH 7.5. The fractions containing Hsp90 N were collected and concentrated to 20 mg/ml for crystallization. The purity of protein was assessed by SDS-PAGE to be .95%.
Crystallization of apo Hsp90 N was performed at 48C using the hanging drop vapor-diffusion method, by mixing equal volumes of the protein and of the precipitant [20%-25% (w/v) PEG 2000 monomethyl ether/200 mM magnesium chloride/100 mM sodium cacodylate, pH 6.5]. The complexes of Hsp90 N with two nucleotides were prepared by mixing the protein solution (20 mg/ml) with a five-fold molar excess of nucleotides. Co-crystallization of Hsp90 N with nucleotides was carried out at 48C using the hanging drop vapor-diffusion method, by mixing the solution of the complexes with an equal volume of a precipitant solution. The precipitant solutions for Hsp90 N -AMPPCP and Hsp90 N -ATP complexes are 20%-25% PEG4000/ 200 mM magnesium chloride/100 mM Tris at pH 8.5 and 15%-20% PEG3350/5 mM magnesium chloride/500 mM ammonium phosphate/100 mM Bis-Tris at pH 6.5, respectively.
Data collection, structure determination, and refinement After 3-4 days, crystals were grown and then mounted and flash-frozen in liquid nitrogen for diffraction test and data collection. All data sets were collected at 100 K on beamline BL17U1 at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China) and were processed with the HKL2000 software package [17] . The structures were solved by molecular replacement, using the PHENIX [18] . The search model used for the crystals of apo and the complex was the previously reported structure of the Hsp90-GBD (PDB code 1YES), the structures were refined using PHENIX [18] . With the aid of the program Coot [19] , nucleotides, water molecules, and others were fitted into to the initial F o -F c map.
Figures of interactions between Hsp90
N and nucleotides were generated using LIGPLOT [20] . The complete statistics, as well as the quality of the solved structures, are shown in Table 1 .
Results
Crystal structures of Hsp90 N -nucleotides complexes Crystal structures of Hsp90 N in the absence and presence of ATP and ATP analog ( Fig. S1 ) with different crystal packing patterns have been solved. We crystallized the native Hsp90 N , and collected a data set with a higher resolution (1.2 Å ) than those previously deposited in PDB, so as to exclude the influences of different protein sequences, purification protocols, crystallization conditions, and structure refinement procedures on the crystal structure obtained. The highest resolution for apo Hsp90 Interactions between Hsp90 N and nucleotides To our knowledge, it is the first time to solve the real human ATP -Hsp90 N complex structure. To validate the binding of ATP with Hsp90 N , we also determined the structures of Hsp90 N in complex with AMPPCP. Although the two independently refined structures were at different resolution levels and with different crystal packing patterns, there is no significant conformational change observed between the two protein structures [ Fig. 2(A) ]. The nucleotides are also overlapped well [ Fig. 2(B) ]. Additionally, superimposition of Hsp90 N -ATP with Hsp90 N -ADP (PDB code 1BYQ) structures revealed that the ATP Mechanisms of ATP hydrolysis of human heat-shock protein 90 occupied the same location as ADP except the additional g-phosphate group of ATP formed more interactions with Hsp90 N (Fig. 3) . Since the crystal of Hsp90 N -AMPPCP complex diffracted to 1.24 Å , which has the higher resolution than the Hsp90 N -ATP structures, the interactions between AMPPCP and Hsp90 N were analyzed in more detail (Fig. 4) . As shown in Fig. 4(C) , the N6 atom of the adenine group not only forms a direct hydrogen bond (HB) with the carboxyl group of D93, which is most critical for recognition of Hsp90 to the nucleotide binding, but also interacts with L48 and S52 through water-mediated HBs. Values in parentheses are for the highest-resolution shell.
Mechanisms of ATP hydrolysis of human heat-shock protein 90
The N7 atom of the adenine ring interacts with residue N51 via water-mediated HBs while the N1 atom of the adenine ring forms water-mediated HBs with residues D93, G97, and T184. The interactions formed between Hsp90 N and the ribose ring of AMPPCP include a direct HB between atom O2 and residue N106, and two watermediated HBs of atom O1 with positive charged side chain of K58 and K112. The a-phosphate group forms direct HBs with N51 and F138, and water-mediated HBs with E47, N51, and G135. The b-phosphate group forms watermediated HBs with N51 and D54. The g-phosphate group is surrounded by a loop at the C-terminal hinge of the ATP lid that is mainly constituted by residues 111-134, and forms direct HBs with the backbone of G137 and watermediated HBs with side chain of E47, N51, and D54. A magnesium ion is octahedrally coordinated with oxygen atoms of the a-, b-, and g-phosphate groups, the side chain of N51, and two water molecules [ Fig. 4(B) ]. As for the Hsp90 N -ATP structures, the interactions between Hsp90 N and ATP are very similar to those in the Hsp90 N -AMPPCP (Fig. S2) . The interactions of the magnesium ion with nucleotide and residues of Hsp90 N are also similar to those observed in Hsp90 N -AMPPCP complex.
Constitution of the catalytic center of the human Hsp90 ATP hydrolysis Examination of the residues surrounding the g-phosphate of the bound ATP in Hsp90 N revealed that E47 is ideally located to promote nucleophilic attack by the key water molecule to the g-phosphate of ATP. The water molecule forms HBs not only with the carboxyl group of E47 but also with the two oxygen atoms of the g-phosphate group. Mechanisms of ATP hydrolysis of human heat-shock protein 90
Because of the strong HB interaction formed between R46 and E47, R46 is also considered to be involved in the catalytic process (Fig. 5 ) [21, 22] . In addition, it was reported that R400 is also essential for Hsp90 to perform the ATPase activity and function [22] . Since the whole structure of human Hsp90 is still not available, the full-length structure of yeast Hsp90 was taken as a model due to the high sequence similarity and the almost identical residues involved in nucleotide hydrolysis between the two molecules (Fig. S3) . In fact, the ATP observed in our human Hsp90 N -ATP complex structure occupies the same position as AMPPNP bound in the full length of yeast Hsp90 (Fig. 6) [12] . Therefore, the coordinates of residue R400 (corresponding to R380 in yeast) as well as the huge conformational change of the whole chaperone associated with ATP/ADP cycle discussed below were based on the fulllength structure of yeast Hsp90 but substituted with human Hsp90 sequence. Besides the key residues, a magnesium ion is always octahedrally coordinated with the nucleotide as well as the protein in two complexes. The coordination bonds between magnesium ion and oxygen atoms are varying from 2.0 to 2.2 Å (Fig. 5) .
Analysis of crystal structures of Hsp90
N and Hsp90 N -ATP complexes The first complex structure of Hsp90 N -ATP provides the structural basis to further investigate the activated conformational change of Hsp90 after ATP binding.
Superimposition of Hsp90
N -ATP complex with the native Hsp90 N structures shows that the H1, H4, H5, and L6 of Hsp90 N undergo a conformational rearrangement in response to the bound ATP (Fig. 7) . In particular, H4 reorients and moves towards H1, and L6 flaps 1808 from inward to outward the ATP-binding site.
Detailed analysis of the interactions shows that, without ATP binding, the strong HB interactions are formed between residues E25 and K112, and between residues Q23 and N106 as well [ Fig. 8(A) ]. Those interactions reduce the flexibility of L6 and hinder the flapping of the ATP lid in the apo structure. However, in the Hsp90 N -ATP complex, these two HBs are broken and new interactions are formed. Residue N106 forms one new HB with atom O1 of ATP directly and K112 forms two new HBs with atom O2 and b-phosphate oxygen of ATP through two water molecules [ Fig. 8(B) ]. Therefore, the binding of ATP induces the ATP lid to be a more open conformation but with less interactions formed between the ATP lid and the rest part of the protein, which may play an important role in regulating the ATP/ADP cycle.
Discussion
Catalytic mechanism of ATP hydrolysis by Hsp90
The g-phosphate group of ATP, R46, E47, R400, Mg 2þ , and a water molecule constitute the catalytic center for ATP hydrolysis (Fig. 5) . The g-phosphate oxygen atoms form coordination bonds with Mg 2þ , direct HBs with the backbone of residues G132 and G137, water-mediated HBs with the polar groups of residues E47, and strong HBs (salt bridge) with positive charged side chain of R400. Accordingly, a detailed catalytic mechanism is proposed to demonstrate the hydrolysis of ATP catalyzed by Hsp90 (Fig. 5) . Firstly, R46 forms strong HB (salt bridge) with the carboxyl group of E47, which polarizes E47 and makes it as a general base. Then, the polarized E47 nucleophilic attacks the water molecule and absorbs the proton from the water molecule, providing the electron to the water molecule and make it more negatively charged. Finally, the negative-charged water molecule nucleophilic attacks the phosphorus atom of the g-phosphate, the covalent bond between b-and g-phosphate is broken, and the products, a hydrogen phosphate and ADP, are formed. Magnesium ion is universally required for ATP hydrolysis by Hsp90 [23] [24] [25] , and the role of the magnesium ion is suggested to stabilize the intermediate state of catalytic reaction. After hydrolysis reaction finishes, the interaction between R400 and the nucleotide gets broken. The breaking the interaction between R400 and the nucleotide, and the subsequent release of g-phosphate after hydrolysis may induce the dissociation of the N-terminal and the middle domains in each monomer as well as the dissociation of two N-terminal domains, allowing the release of the client protein [6, 7] .
Weak ATP hydrolytic activity of Hsp90
N
The electrostatic interactions of Q23-N106 and E25-K112 residue pairs were interrupted due to the ATP binding, releasing the restriction on the conformational change of the H1 [ Fig. 8(A,B) ]. The increased flexibility of H1 makes it in high possibility to swing and form interactions with the N-terminal domain of the other monomer which was complex, residues E47 and S129 form direct HBs with R46, and N40 forms a direct HB with D127.
Mechanisms of ATP hydrolysis of human heat-shock protein 90
shown in the dimer of whole yeast Hsp90 structure [24, 26] . It is thus suggested that conformation of the Hsp90 N -ATP complex is an intermediate state for the whole chaperone activation.
The ATP binding drives the preliminary formation of the catalytic center for ATP hydrolysis. Residue R46 firstly moves close to E47, as the length of the HB between these two residues shortens from 3.1 Å in the apo structure to 2.8 Å in Hsp90 N -ATP complex. Meanwhile, the g-phosphate of the bound nucleotide forms HBs with E47 through water molecules and the positive-charged residue R46 forms HB not only with E47 but also with S129 [ Fig. 8(C,D) ]. The HB formed between S129 and R46 partially absorbs the positive charge of R46, weakening the polarization of E47 by R46. This, in addition to the missed interaction of R400 with the g-phosphate of ATP, could explain why the isolated N-domain of Hsp90 has very weak ATP hydrolytic activity.
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